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Shape of cells and extracellular channels in the rabbit cortical collecting
ducts. Superficial cortical collecting ducts of rabbits were examined by
scanning electron microscopy and by computer-assisted morphometric
analysis of transmission electron micrographs. The epithelium contains
two cell types, principal and intercalated, which have similar surface
concentrations for apical and basal cell membranes and which can be
modeled as simple cuboidal cells. The epithelium also contains two
distinct and markedly different systems of extracellular channels. One
system, the lateral intercellular channels, is comparable to the spaces
between simple cuboidal cells but is modified by laterally projecting
microvilli and ridges that produce a 1.8-fold magnification of the lateral
cell surfaces. Those surfaces are nearly identical in the two cell types
and constitute 38% of all cell membranes facing extracellular channels.
The other channel system, the basal infolded channels, is well devel-
oped only in the basal 40% of principal cells and constitutes 62% of all
channel-associated membrane. Its unique feature is an exponential
increase in surface area, which is reminiscent of all channel-associated
membranes in proximal nephron segments and which can be modeled as
the interdigitation of cellular leaflets entirely within the boundaries of
single cells.
Forme des cellules et des canaux extracellulaires dans Ic canal collecteur
cortical du lapin. Des canaux collecteurs corticaux superficiels de lapins
ont été étudiés par microscopie èlectronique a balayage et par analyse
morphométrique sur ordinateur d'images de microscopic électronique
par transmission. L'épithelium contient deux types cellulaires, des
cellules principales et des cellules intercalaires, qui ont les mémes
surfaces membranaires apicales et basales et peuvent être considérès
comme de simples cellules cuboIdes du point de vue des modèles.
L'épithélium contient aussi deux systèmes de canaux extracellulaires
distincts et très différents. L'un, celui des canaux intercellulaires
latéraux, est comparable a l'espace entre des cellules cuboldes simples
modiflé par des microvilli a projection latérale et des crêtes qui
produiscent une augmentation de I ,8 fois des surfaces latérales des
cellules. Ces surfaces sont très semblables dans les deux types cellu-
laires et constituent 38% de toutes les membranes cellulaires qui
bordent les canaux extracellulaires. L'autre système, celui des canaux
basaux invagines, n'est bien développe que dans Ia portion basale des
cellules principales et constitue 62% des membranes associées a des
canaux. Son caractère principal est l'augmentation exponentielle de Ia
surface qui rappelle l'aspect des membranes associèes a des canaux
dans le néphron proximal et qui peut être modélisé comme les interdigi-
tations de feuillets cellulaires a l'intérieur des limites de chaque cellule.
We recently have described techniques for the measurement
of renal tubule cell dimensions in transmission electron micro-
graphs and for the subsequent construction of quantitative,
three-dimensional models of cell shape. The proximal convolut-
ed tubule (PCT), the proximal straight tubule (PST), and the
cortical thick ascending limb of Henle (cTALH) of the rabbit
have been examined in this fashion [1, 2]. In the rabbit PCT,
scanning electron microscopy studies have shown cell shapes
that are surprisingly similar to those derived from the morpho-
metric procedures [3, 4]. In the present studies, a combined
approach of both scanning and transmission electron microsco-
py is used to examine still another segment of the rabbit
nephron, the superficial cortical collecting duct (CCD), for the
purpose of determining precisely the various dimensions and
shapes of the cells in that epithelium.
In contrast to the previous studies of PCT, PST, and cTALH,
the present study of CCD shows several structural and physio-
logic differences. First, in contrast to the homogeneous cell
populations in the other segments, the CCD contains two major
cell types, the principal cells and the intercalated cells, each of
which type may have two or more subtypes [5—8]. Second,
whereas the relatively large lateral cellular surface areas in
PCT, PST, and cTALH can be accounted for and modeled in
terms of marked interdigitation of lateral cell processes and of
lateral membranes always defining channels between adjacent
cells [1, 2], there are numerous literature references to a second
type of cell surface amplification in CCD and particularly in the
principal cells. That surface enlargement comes about by the
infolding or invagination of the basal cell membrane, which then
forms the walls of channels that open at the basement mem-
brane but which may be entirely within the boundaries of single
cells. Such channels, though extracellular, are not intercellular
in that they do not separate or define spaces between two or
more neighboring cells. Thus, in contrast to the epithelia of
more proximal tubule segments, the epithelium of CCD may
contain two structurally different and distinct systems of extra-
cellular channels. Third, there is circumstantial evidence that
the principal and intercalated cells of CCD may be functionally
different. For example, with the chronic administration of
corticosteroid hormones or of potassium chloride, there occurs
an increase in sodium and potassium transporting capacity [9—
13] and, possibly as a morphologic correlate, a markedly
increased "basolateral" surface area in principal but not in
intercalated cells. Furthermore, Kaissling and Kriz [6] briefly
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review and discuss evidence that intercalated cells, in contrast
to principal cells, may not be responsive to the effects of
antidiuretic hormone (ADH). On this basis alone, we might
expect the shape of principal cells to differ from that of
intercalated cells. Also, although both principal and intercalat-
ed cells are bordered by lateral intercellular channels, only the
principal cells appear to have large numbers of extracellular
channels of the basal infolding type. Evidence may exist,
therefore, for functional as well as anatomic differences be-
tween the extracellular channel systems of CCD.
Although the major emphasis in this paper will be on the
description and quantification of cellular features in rabbit
CCD, each of the points of interest mentioned above will be
considered again in the context of possible relationships be-
tween cellular structure and function.
Methods
Female New Zealand white rabbits, each weighing 1 to 2 kg,
had free access to tap water and standard rabbit chow prior to
the studies. Kidney tissue for examination by transmission
electron microscopy (TEM) or scanning electron microscopy
(SEM) was obtained after fixation in vivo with 2.5% glutaralde-
hyde in 0.075 51 cacodylate and hydrochloric acid buffer or with
2% glutaraldehyde in isotonic Ringer's solution as described
before U, 3]. Briefly, the animal was lightly anesthetized with
i.v. sodium pentobarbital, the abdominal cavity was opened by
a midline incision, and the right renal pedical, superior mesen-
teric artery, and distal aorta were ligated. A loose tie just below
the renal arteries then isolated the distal aorta and allowed the
insertion of a perfusion catheter partly filled with heparinized
0.9% saline. The catheter connected ultimately to a plastic
container of chilled fixative, which could be pressurized by
means of a hand pump with a pressure-measuring device. At a
point near the animal, the perfusion catheter was divided for a
short distance into two parallel limbs, one containing fixative,
the other containing approximately 20 ml of isotonic Ringer's
solution. In practice, the fixative limb was closed initially, and
the perfusion system pressurized to 150 mm Hg. When the
loose aortic tie was released, the Ringer's solution flowed into
the aorta and left kidney, displaced the blood, and caused the
kidney to blanch. The aorta then was clamped at the diaphragm,
and the renal vein opened. After 20 sec, the Ringer limb of the
perfusion system was closed and the fixative limb opened so
that fixative now flowed directly from the large reservoir to the
kidney. In acceptable cases, the venous effiux cleared almost
immediately after the start of perfusion. In situ fixation was
continued for 15 mm, after which the kidney was removed and
either (1) cut into 10-mm cubes or 1-mm-thick transverse slices,
or (2) sliced in half for later microdis section.
The tissue cubes were used in the SEM studies as described
previously [3], and cortical samples from the kidney halves
were preserved according to our hydrochloric acid and collage-
nase technique [14]. For the latter purpose, pieces of cortical
tissue were rinsed twice in 0.1 M phosphate buffer (PH, 7.4) and
placed in 8 N hydrochloric acid for 50 mm at 60° C. Following
hydrochloric acid digestion and three rinses in 0.1 M phosphate
buffer to remove the acid, single nephrons were microdissected
free using sharpened needles. Collecting ducts then were placed
in a solution of 0.1 M phosphate-buffered collagenase (Wor-
thington Type II; 10 mg/mI buffer; pH, 6.8) for 5 hours at 37° C.
Subsequently, the tissue was rinsed twice in the phosphate
buffer, placed on a coverslip, and dehydrated through a series
of graded alcohols to 100% ethanol.
The kidney slices for TEM were cut first into 1-mm columns
extending radially from renal surface to papilla and then cut into
wafers parallel to the renal surface and 0.5-mm thick. Wafers
from the superficial 1 mm of cortex were embedded in epoxy
resin (Epon), sectioned, and stained with uranyl acetate and
lead citrate. Ultrathin sections were mounted on 200-mesh grids
and examined in a Phillips 300 electron microscope. Cortical
collecting ducts were identified in thick and thin sections by
their close juxtaposition to other structures of the medullary
rays and by the cytologic criteria reported by Kaissling and
Kriz [6] and by LeFurgey and Tisher [5].
Morphometric procedures. Transmission electron micro-
graphs of CCD transverse sections were taken at x 1540 and
enlarged photographically to x 13,860. Three duplicate sets of
prints were made. In one set, all cell membranes bordering
extracellular channels in or adjacent to principal cells (PC) were
identified and marked with thin ink lines. In another set, all cell
membranes bordering extracellular channels in or adjacent to
intercalated cells (IC) were marked. In the third set of prints,
different color lines were used to mark separately those cell
membranes of PC and IC that either delineated channels
between PC and IC or that delineated channels observed to be
continuous with a junctional complex at the luminal surface.
Thus, the first two procedures defined the total of all cell
membranes that delineate both lateral intercellular channels and
basal infolded channels in either PC or IC, and the last
procedure defined only those PC and IC cell membranes
associated with lateral intercellular channels between adjacent
cells.' Hereafter, cell membranes defining lateral intercellular
channels are termed lateral cell membranes, and those cell
membranes defining the basal infolded channels are termed
infolded cell membranes. The term total membrane will refer to
the sum of lateral and infolded cell membranes.
To obtain the cellular dimensions and surface areas, we used
computer-assisted morphometric procedures, which are dis-
cussed in detail elsewhere [15]. Briefly, each of the three
duplicates of each CCD mierograph was fixed individually to an
X-Y digitizer that was connected to a Wang 2200 computer. The
digitizer is an input device, a flat surface on which the coordi-
nates of an electronic pen are recorded approximately 10 times
per second and the distance between successively recorded
points is measured directly. The electronic pen first was used to
mark the coordinates of 15 or more points along the apical and
basal cell surfaces sufficient to define accurately the shape of
'Such procedures are not without potential errors and may tend to
underestimate the lateral membrane and overestimate the infolded
membrane. For example, tortuosity or turning of lateral intercellular
channels into and out of the plane of section could bring portions of
such channels into the plane of section some distance to either side of a
clearly defined lateral intercellular channel, and in such a way that the
isolated channel portions show no direct connection with a junctional
complex. But if we apply additional histologic criteria of shape and wall
smoothness to differentiate lateral and infolded channels (see below),
the measurement errors are found to be negligible. This is particularly
true in those cellular zones where the area of one type of membrane
markedly exceeds the area of the other type.
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Fig. 1. Representative transmission electron micrographs of superficial
cortical collecting duct showing characteristic features of the principal
(light) cells and intercalated (dark) cells. Lateral intercellular channels
separate adjacent cells and terminate apically in junctional complexes
(*). Basal infolded channels have a complicated pattern and are more
extensive in the principal cells.
the epithelial specimen and to allow the accurate calculation of
area of the photographed tubule. The computer also was
programmed to divide the tubule wall into 20 cellular zones,
each zone representing 5% of cell height from basement mem-
brane to apical surface. The pen next was used to trace and
thereby measure directly the photographed length of the apical
cell membrane (AS), the basal cell membrane (BS), the tubule
basement membrane (BM), and of the lateral or infolded cell
membranes previously marked by ink lines. It was possible,
therefore, to calculate the length of the membrane lines in the
whole tubule as well as in each cellular zone and then to
calculate by standard morphometric techniques the surface
concentration (Sv) of those membranes in units of square
microns of surface area per micron to the third power (p3) of
tubule volume or cellular zone volume [1, 15—17]. We calculat-
ed the Sv for the total of all lateral and infolded membrane
surfaces of PC and IC and for those membranes of PC and IC
specifically identified as being lateral. The difference between
the Sv of the total membranes and the S of the infolded
membranes also was calculated and represents the Sv of the
infolded membranes. All apical surface features such as micro-
villi were included in the measure of apical membrane length
and apical surface area. The basal cell membrane was defined
as that cell membrane that generally is adjacent to and parallel
with the tubule basement membrane. If the basal cell membrane
turned or invaginated to become generally perpendicular to the
basement membrane, it was counted as either a lateral or an
infolded membrane according to the above criteria.
As a separate digitizing procedure, we traced around and
calculated the total area (TA) of the photographed tubule
section, of the area (PA) of principal cells, and of the area (IA)
of intercalated cells. The ratios PA/TA and IA/TA thus are
measures of the relative volumes of PC and IC in a given tubule.
The ratio (PA + IA)/TA can used as a measure of the relative
volume of the tubule occupied by cells or by intercellular
channels.
The membrane surface concentration and cellular area ratios
were calculated for each tubule specimen for a given rabbit and
then combined to provide mean data for that rabbit. Separate
rabbit data then were combined to provide niean data for all
rabbits. Data were evaluated by Student's t test and are
expressed as the means SEM.
Results
Three to five complete transverse sections of CCD were
obtained from each of five rabbits. A total of 18 sections were
examined. Typical portions are shown in Fig. 1. The principal
cells are characterized by lighter staining cytoplasm and a
relatively smooth apical surface. The intercalated cells have
darker staining cytoplasm, greater density of mitochondria, and
a complicated apical surface usually covered by microvilli.
Small portions of other adjacent tubule segments in the medul-
lary ray are seen in Fig. lA. At the higher magnification (Fig.
1B), the two types of extracellular channels can be identified in
the CCD. One type can be traced directly to apical junctional
complexes (indicated by asterisks) and thus is clearly associat-
tj..
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Fig. 2. Representative scanning electron micrographs of superficial cortical collecting ducts. A and B Lower and higher power views
demonstrating typical hexagonal outline of ciliated principal cells and smaller luminal presentation of intercalated cells covered by apical
microvilli. A smooth basement membrane and a peritubular collagen mesh are seen in part B. C Adjacent intercalated (above) andprincipal (below)
cell with a similar pattern of laterally projecting microvilli and ridges . D Basal surface of tubule cells after removal of basement membrane with
collagenase. The groove-like features indicated by double arrows are the basal slits of lateral intercellular channels and delineate the hexagonal
outlines of single cells. The grooves indicated by single arrows are the basal slits of basal infolded channels, are within the boundaries of single
cells, and are more extensive in the principal cells.
ed with spaces between adjacent cells. Such channels, referred narrow basal slit usually is present at the basal end. The cell
to here as lateral intercellular channels, extend radially from the walls that delineate these lateral channels are the membranes
cell base to apex, often appear moderately dilated, and usually referred to here as lateral cell membranes. We rarely find
have an irregular outline because of numerous ridges or villi evidence of lateral interdigitation of adjacent cells by means of
projecting into the space from the lateral walls. A relatively large lateral cellular processes. The second type of extracellular
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Table 1. Surface concentration of apical surface (AS), basal surface (BS), and basement membrane (BM) for principal cells and intercalated
cellsa
Principal cells Intercalated cells
AS BS BM AS BS BM
2/3
Mean 0.129 0.122 0.179 0.064 0.079 0.084
SEM
a In this and subsequent tables, reference volume is the sum of all PC, IC, and intercellular spaces in the tubule wall or cellular zone.
channel appears either as simple infoldings of the basal cell
membrane of the intercalated cell at top or as more complicated
and far more extensive infoldings of the basal cell membranes of
the two principal cells at center and bottom. The walls of these
channels tend to be smooth and parallel and do not extend much
higher into the cell than half the distance from cell base to apex.
Although a few of these channels are seen to end blindly in the
cytoplasm, many pursue an arching or circuitous course, return
to the cell base some distance from their origin, and thus are
consistent with the spaces between interdigitating cell process-
es. This is particularly true in the principal cells where their
pattern is reminescent of the channel pattern seen in proximal
tubule segments. Relatively narrow basal slits usually are
present and are similar in width to those of the lateral channels.
Because these channels have no obvious relationship to the
spaces between adjacent cells, they are referred to here as basal
infolded channels, and the cell membranes that are their walls,
the infolded cell membranes, are common to a single cell. By
taking into account the presence and extent of basal infolded
channels, we usually can easily make the distinction between
principal and intercalated cells.
Typical scanning electron micrographs are shown in Fig. 2.
Parts A and B are lower and higher power views of the fractured
ends of CCD. The principal cells with their central cilium are
well demarcated and approximately hexagonal in outline. The
luminal surface of the intercalated cells often is considerably
smaller, more round in outline, and is covered by short micro-
villi. Both the luminal and the lateral features of the tubule are
seen clearly in part B. Also seen is the underlying basement
membrane with its smooth inner surface and an outer mesh-
work of attached collagen bundles. Fractures which have
occurred along the planes of the spaces between some adjacent
cells again reveal the lateral cell membrane surfaces. In part C,
the lateral surfaces of adjacent intercalated (above) and princi-
pal cells (below) show ridges and short microvilli which in
numerous micrographs are found to have a similar pattern in the
two cell types and to be evenly distributed from cell apex to
base. Part D of Fig. 2 shows the basal surface of a CCD treated
with collagenase to remove the basement membrane [3, 141.
The polygonal outlines of the cells again are quite apparent, and
the separations between adjacent cells often are sufficient to
reveal lateral surface details identical to those in tubules not
treated with collagenase. Two types of grooves are seen in the
basal surface of the epithelium. Some grooves, indicated by
double arrows, appear either as two parallel, straight edges, or
as edges made tortuous by the presence of short, sometimes
interdigitating microvilli. Such grooves generally form large
polygonal patterns, can be traced easily to the large clefts
between adjacent cells, and thus represent the basal openings
(that is, the basal slits) of the lateral intercellular channels.
Adjacent cells, however, do not form large, interdigitating
lateral processes such as those typically seen in cells of the
proximal convoluted tubule [3, 14]. The other type of basal
grooves is indicated by single arrows. These grooves are
extensive in some cells but not in others, do not often connect
with identifiable lateral intercellular channels, and form irregu-
lar patterns of small, tortuous, interconnecting circles or poly-
gons considerably smaller than the identifiable outlines of single
cells. From other micrographs in which the apical and basal
surfaces of cells can be seen simultaneously or by rotation of
the specimen, the less complicated basal cell surfaces can be
identified as those of intercalated cells; the more complicated,
as those of principal cells. Because the basal surfaces of PC and
IC are approximately the same size (Fig. 2D), whereas the
apical surfaces of IC often are considerably smaller than those
of PC (Fig. 2, A and B), the IC apparently tend to be more
conical in shape than the PC. The intercalated cell in Fig. 2C is
consistent with that interpretation.
Relative number and volume of principal and intercalated
cells. In 18 complete transverse sections of CCD, there were 4.7
0.4 nuclei (range, 2 to 7) and 8.9 0.4 identifiable cells
(range, 6 to 11) of which 66 2% were PC (range, 50 to 80%)
and 35 2% were IC (range, 20 to 50%). Mean values for the
five rabbits were 4.8 0.3 nuclei and 8.9 0.6 identifiable
cells, of which 66 1% were PC. The relative areas of principal
cells (PA), intercalated cells (IA), and total tubule wall (TA) in
the 18 micrographs and five rabbits, respectively, were PA/TA
= 0.62 0.03 and 0.66 0.01, IA/TA = 0.27 0.04 and 0.26
0.04, and IA/PA = 0.54 0.12 and 0.52 0.12. The variations
among tubules thus are very similar to the variations among
animals. Furthermore, the area ratios compare very well to the
ratios obtained by actual counts of cells per tubule cross-section
and indicate that although individual principal and intercalated
cells may be different in shape (that is, more or less conical)
they do have approximately the same volume. Hereafter, the
ratio of the volume of PC to IC is taken to be equal to the ratio
of their photographed areas, PA/IA. In the 18 sections and five
rabbits, respectively, TA = 488 25 2 and 483
To estimate the number of cells per unit tubule length, we
assign to a typical CCD the average diameters of O.D. = 35 p.
and I.D. = 25 p., as has been done elsewhere [18], and the
arbitrary length of 1 mm. We also find it convenient to model an
even number of maximally packed hexagonal cells per tubule
circumference and to assume that all cells are the same size and
volume. Using 8 cells per circumference, we calculate an
average of 825 cells/mm tubule length, of which approximately
538 13 would be principal cells and approximately 282 11
would be intercalated cells. Use of the more precise 8.9 cells
per circumference would not affect the further interpretation of
the data.
Relative volume of cells and extracellular channels. From the
ratio (PA + IA)/TA, we can calculate the relative measured
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Table 2. Surface concentrations of cell membranes in principal and intercalated cells°' b
Principal cells Intercalated cells
Total Lateral Infolded Total Lateral Infolded
Zone 2/3
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
T
0.340 0,055
0.658 0.134
0.676 0.107
0.673 0.087
0.726 0.099
0.699 0.096
0.697 0.094
0.727 0.093
0.755 0.088
0.755 0.140
0.828 0.161
0.925 0.172
1.064 0.196
1.319 0.209
1.740 0.150
2.101 0.043
2.411 0.056
2.803 0.044
3.232 0.218
3.026 0.210
1.433 0.103
0.362 0.051
0.534 0.041
0.527 0.022
0.508 0.012
0.491 0.039
0.452 0.041
0.435 0.034
0.458 0.049
0.431 0.047
0.403 0.040
0.412 0.037
0.446 0.032
0.397 0.025
0.409 0.025
0.433 0.035
0.390 0.036
0.368 0.028
0.386 0.034
0.360 0.035
0.339 0.038
0.420 0.028
—0.022 0.043°
0.124 0.116°
0.149 0.103"
0.164 0.093°
0.234 0.127°
0.246 0.131"
0.261 0.105°
0.268 0.129°
0.323 0.132°
0.351 0.173°
0.415 0. 196°
0.479 0.197"
0.667 0.207
0.910 0.229
1.306 0.175
1.711 0.063
2.042 0.072
2.417 0.052
2.871 0.219
2.686 0.228
1.012 0.128
0.107 0.015
0.280 0.044
0.261 0.021
0.246 0.021
0.220 0.015
0.218 0.021
0.213 0.019
0.199 0.012
0.205 0.014
0.207 0.015
0.196 0.018
0.208 0.012
0.236 0.018
0.234 0.022
0.269 0.028
0.275 0.038
0.311 0.028
0.334 0.042
0.516 0.083
0.625 0.106
0.281 0.024
0.137 0.015
0.293 0.041
0.266 0.030
0.243 0.011
0.217 0.010
0.215 0.027
0.223 0.021
0.222 0.021
0.210 0.015
0.211 0.022
0.201 0.026
0.192 0.018
0.212 0.011
0.238 0.022
0.243 0.027
0.237 0.033
0.222 0.015
0.211 0.014
0.249 0.014
0.231 0.025
0.224 0.015
—0.029 0.009°
—0.012 0.016°
—0.005 0.015°
0.003 0.010°
0.002 0.012°
0.003 0.013°
—0.010 0.014°
—0.022 0.016°
—0.005 0.014°
—0.004 0.015°
—0.005 0.010°
0.016 0.024°
0.024 0.019°
—0.004 0.015°
0.025 0.018"
0.037 0.015°
0.088 0.020
0.122 0.041
0.266 0.088
0.394 0.100
0.057 0.022°
Data expressed as the means SEM, N = 5.
b Total = lateral + infolded. Zone T is total wall.
Data are not statistically different from zero, P> 0.05.
areas of cells and extracellular channels in the tubule wall and
estimate their relative volumes. The mean fraction of tubule
wall occupied by extracellular channels was 10.9 1.4% in the
18 sections (range, 2.3 to 20.9%) and 11.3 1.5 in the five
rabbits (range, 6.3 to 14.9%). Although the large ranges may
indicate the presence of the well-known artifactual effects of
fixation on channel dilation, the finding of similar ranges within
a single kidney (as great as 4.3 to 20.1%) makes that possibility
less likely and may in fact indicate that channel dilation in CCD
is not entirely a function of the physiologic state of the whole
animal.
Again, with the area ratios from the five rabbits and the
typical tubule dimensions of O.D. = 35 and I.D. 25 pi,
tubule wall volume is 471 x i03 p3/mm, of which 53 7 x iø
p.3 would be extracellular channel, 293 15 x iø p. would be
principal cells, and 124 20 x l0 p. would be intercalated
cells. Using these calculations and the counted number of
principal and intercalated cells per tubule cross section per
rabbit, we find that the volume of an individual principal cell is
543 29 and is not significantly larger than the volume of an
individual intercalated cell, 416 61 p) (P > 0.1).
Relative areas of apical surface, basal surface and basement
membrane of principal and intercalated cells: Listed in Table 1
are the mean SEM (N = 5) surface concentrations, Sv, for the
apical surface (AS) and basal surface (BS) of principal and
intercalated cells and for the tubule basement membrane (BM)
underlying each of the two cell types. In all cases, the reference
volume is the volume of the entire tubule wall including all PC,
IC, and extracellular channel. For both principal cells and
intercalated cells, neither the mean differences nor the paired
differences between individual rabbit AS and BS values are
statistically different from zero. For intercalated cells, the mean
and paired differences between AS, BS, and BM also are not
statistically different from zero. The identity of BS and BM in
intercalated cells and their difference in principal cells reflects
in part the observation in both TEM and SEM that the basal
surface of intercalated cells is relatively uncomplicated and has
few infoldings whereas a considerable fraction of the basal
surface of principal cells is occupied by spaces delineated by
infolded cell membranes. We also find that the apical surface of
intercalated cells accounts for 33 6% of total apical surface
whereas the volume of intercalated cells accounts for 26 4%
of total tubule volume. Intercalated cells thus have larger apical
surface areas per unit of cellular volume than do principal cells,
and the relatively small luminal presentation of the more conical
intercalated cells is more than counteracted by the microvillous
specialization of their apical surfaces. From the AS data and the
calculated number and volume of individual cells, the ratio of
apical surface area to cell volume is calculated to be 0.21 0.02
p.2/p,3 in PC and 0.26 0.05 p.2/si? in IC. Comparable ratios for
BS are 0.19 0.02 in PC and 0.33 0.06 in IC. None of these
ratios are statistically different. To calculate the total area of the
various membranes in a typical tubule, we simply add the
appropriate Sv of the component cells and multiply it by total
the tubule volume. Thus, for a tubule of volume 471 x l0
p.3fmm, total apical surface area is 91 4 x l0 p.2/mm, and
total basal membrane area is 95 10 X l0 p.2/mm. The
calculated total basement membrane area is 124 5 x l0
p.2/mm, compares well to the surface area of a right cylinder of
the chosen tubule dimensions (110 X l0 p.2/mm), and is
consistent with the mild degree of wrinkling and slight folding
observed in basement membranes of the tubule samples. Princi-
pal cells account for 67 6% of total apical surface area and 60
5% of total basal surface area. PC cover 68 3% of the
basement membrane area.
Surface concentrations of lateral and infolded cell mem-
branes in principal and intercalated cells. The calculated sur-
face concentrations, Sv, of the total membrane surface facing
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Table 3. Membrane surface areas of principal cells and intercalated cells per mm tubule length°' b
Data expressed as mean SEM (N = 5) and calculated on basis of tubule
b Total = lateral + infolded. Zone T is total wall.
Data are not statistically different from zero, F> 0.05.
all extracellular channels (lateral plus infolded), of the lateral
membrane surfaces alone, and of the infolded membrane sur-
faces alone are listed in Table 2 for both the principal cells and
the intercalated cells. The S, of the infolded membranes are
equal to the differences between the total membrane S' and the
lateral membrane Sv. Reference volumes for the Sv again are
the volume of the lateral tubule wall (total wall = zoneT) or of a
cellular zone (zone 1 through zone 20, where each zone
represents 5% of cell height from apex to base, zone 1 is nearest
the apex, and zone 20 is nearest the base). Data are given as
mean SEM for the five rabbits.
Listed in Table 3 are the absolute surface areas that result
from multiplying the Sy of Table 2 by the appropriate PC and IC
volumes in zones I through 20 and in zone T. For this purpose,
each tubule again has been assigned the convenient average
dimensions of O.D. = 35 , I.D. = 25 , and length 1 mm,
and the volumes of the tubule wall and cellular zones have been
calculated accordingly. To obtain the surface areas of the lateral
+ infolded, lateral, and infolded membranes in individual
principal cells and individual intercalated cells, we divided the
membrane area per millimeter (data of Table 3) by the calculat-
ed numbers of PC and IC.
Considering first the Sv and areas of the total membrane
(lateral plus infolded), we find the mean values for the principal
cells increase more or less progressively through the 20 zones
and show rapid increases particularly in zones 10 through 20.
The logarithm of these data are found by Newton-Gauss
procedure to fit a function consisting of a constant term plus an
exponential term. In contrast, the Sv and area values for
intercalated cells are relatively constant and show minor in-
creases only in zones 15 through 20. Because the ratio of zone T
for intercalated cells to zone T for principal cells (0.20 0.01) is
less than the ratio of the volumes (photographed areas) of IC
and PC (IA/PA = 0.52 0.12), the lateral + infolded membrane
surface area per unit of cellular volume is greater in PC than in
IC. Again using the calculated number and volume of individual
cells, we find the ratio of lateral plus infolded membrane surface
area to cell volume is 2.4 0.3 p.2/p.3 in principal cells and 1.2
0.2 x2/p.3 in intercalated cells (P < 0.05). The lateral plus the
infolded membrane area is 1253 115 x2 in an individual PC
and 466 24 p.2 in an individual IC. For the typical tubule, the
sum of PC and IC lateral plus infolded membrane surface area is
80 58 x l0 p.2/mm of which 84 1% is contributed by PC.
Considering now the Sv and areas for the lateral cell mem-
branes, the PC values in the more basal zones often are much
smaller than those for PC total (lateral plus infolded) membrane
and, whereas the Si,, do tend to decrease toward the cell base,
the differences among the surface areas in zones 2 through 20
are not statistically significant. The slopes of area versus zone
plots for the five rabbits are not different from zero (P < 0.2).
For intercalated cells, the lateral membrane Sv and areas are
constant in zones 2 through 20, and the areas in the basal few
zones are only moderately smaller than those of total mem-
brane. In both PC and IC, the S, and area differences between
zones 1 and 2 are significant (P < 0.05) and may reflect a
relative sparcity of lateral channel microvilli in the region of the
apical junction. The ratio of zone T Sv for intercalated cells to
zone T Sv for principal cells (0.55 0.06) now is not significant-
ly different from the ratio IA/PA. Calculated as above, the ratio
of lateral cell membrane surface area to cell volume is 0.68
0.05 p.2/p.3 in principal cells and 0.96 0.18 p.2/p.3 in intercalated
cells (P> 0.1). For the typical tubule, the surface area of all PC
and IC lateral cell membranes is 303 17 X l0 p.2/mm of which
65 2% is contributed by PC. The lateral membrane area in
zone 1 alone is 11.3 1.8 x iø p.2/mm. Because the junctional
complex is formed by the partial fusion of the zone I lateral
Principal cells Intercalated cells
Total Lateral Infolded Total Lateral Infolded
Zone p.2 x lO X l0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
T
6.7 1.1
13.3 2.7
14.0 2.2
14.2 1.8
15.5 2.1
15.2 2.1
15.5 2.1
16.4 2.1
17.3 2.0
17.6 3.2
19.7 3.8
22.4 4.2
26.1 4.8
32.9 5.2
44.1 3.8
54.1 1.1
63.0 1.5
74.3 1.2
86.9 5.9
82.6 5.8
675.4 48.8
7.2 1.0
10.8 0.8
10.9 0.5
10.7 0.3
10.5 0.8
9.9 0.9
9.7 0.8
10.4 1.1
9.9 1.1
9.4 1.0
9.8 0.9
10.8 0.8
9.8 0.6
10.2 0.6
11.0 0.9
10.0 1.0
9.6 0.8
10.2 0.9
9.7 1.0
9.3 1.0
198.2 13.4
—0.4 0.9°
2.5 2.4c
3.1 2.1°
3.5 1.9°
5.0 2.7°
5.4 2.9c
5.8 2.4°
6.1 2.9°
7.4 3.0°
8.2 4.lc
9.9 4.7°
11.6 4.8°
16.4 5.1
22.7 5.7
33.1 4.4
44.0 1.6
53.3 1.9
64.1 1.4
77.2 5.9
73.3 6.2
477.3 60.7
2.1
5.7
5.4
5.2
4.7
4.8
4.7
4.5
4.7
4.8
4.7
5.0
5.8
5.8
6.8
7.1
8.1
8.9
13.9
17.1
132.5
0.3
0.9
0.5
0.4
0.3
0.5
0.4
0.3
0.3
0.4
0.4
0.3
0.4
0.6
0.7
1.0
0.7
1.1
2.2
2.9
14.5
2.7 0.8
5.9 0.8
5.5 0.6
5.1 0.2
4.7 0.2
4.7 0.6
5.0 0.5
5.0 0.5
4.8 0.3
4.9 0.5
4.8 0.6
4.7 0.5
5.2 0.3
6.0 0.6
6.2 0.7
6.1 0.9
5.8 0.4
5.6 0.4
6.7 0.4
6.3 0.7
105.6 7.3
—0.6
—0.1
—0.1
0.1
0.1
0.1
—0,2
—0.5
—0.1
—0.1
—0.1
0.4
0.6
—0.1
0.6
1.0
2.3
3.2
7.2
10.8
26.9
0.2°
0.3°
0.2°
0.2°
0.3°
0.3°
0.3°
0.4°
0.3°
0.4c
0.2°
0.6°
0.5°
0.4°
0.5°
0.4°
0.5
1.1
2.4
2.8
10.6
O.D. = 35, I.D. = 2Sp..
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membrane of adjacent cells and because zone 1 in the typical
tubule is 0,25 p in height, junction length as measured parallel
to the apical surface is approximately 19.8 2.6 x iO /mm of
tubule length.
Considering last the Sy and areas of the infolded cell mem-
branes, we find that the mean values for principal cells increase
slowly in zones 1 through approximately 10 and are not
significantly different from zero through zone 12. Thereafter, in
zones 13 through 20, the values increase exponentially and
account for the difference between the constant plus exponen-
tial form of the total (lateral plus infolded) membrane data and
the constant form of the data for lateral membrane alone.
Approximately 70 4% of the total (lateral plus infolded) cell
membrane area in principal cells is of the infolded type. In
contrast, for intercalated cells, the S and area values are
always small and are statistically different from zero only in
zones 17 through 20. Infolded membrane area accounts for only
19 6% of the total. The ratio of infolded cell membrane
surface area to cell volume is 1.67 0.28 2/3 inprincipal cells
and 0.16 0.06 in intercalated cells. The infolded
membrane surface areas in individual PC and IC are 888 113
2 and 92 respectively. Again, for the typical tubule,
the surface area of all infolded cell membrane is 503 71 X lO
2/mm of which 95 1% is contributed by PC.
Discussion
The purpose of this work has been to describe in a quantita-
tive way the principal cells and intercalated cells in cortical
collecting ducts (CCD) from the superficial renal cortex of
rabbit. Two techniques have been used: the visualization of
cells by scanning electron microscopy (SEM) and the precise
measurement of cell dimensions by means of transmission
electron microscopy (TEM) and morphometric analysis.
Earlier SEM studies of CCD from rabbit [5] and other species
[19—2 11 have included detailed descriptions of apical surface
features and, in one case [19], a brief description of lateral
surface features. The present study confirms the previous
observations of generally smooth, hexagonal apical surfaces of
principal cells, the microvillous specialization of the apical
surfaces of intercalated cells, and the irregular ridges and
microvilli on the lateral cell surfaces. The new findings here
include details of the lateral surfaces and, for the first time, a
view of the basal cell surfaces. First, those cell surfaces that
face channels or spaces between adjacent cells (the lateral
surfaces) are found to be covered by short microvilli or ridges
(Fig. 2), which are evenly distributed from apex to base and
which are practically identical in the principal cells and interca-
lated cells. Second, when the basement membrane is removed
by collagenase treatment, two types of groove-like infoldings
are seen in the basal surface. One type clearly delineates the
peripheral margins of individual cells and thus represents the
basal slits of the lateral intercellular channels, the spaces
between adjacent cells. The second type is predominently a
feature of principal cells such that the basal surface of interca-
lated cells is relatively smooth and featureless whereas the
basal surface of principal cells shows an extensive, irregular
pattern of infoldings or invaginations of the basal cell membrane
(Fig. 2D). This second type of basal grooves is within the
boundaries of individual cells, rarely extends to the cell periph-
ery, and has no obvious connection with the spaces between
adjacent cells. We conclude here that such grooves represent
the basal slits of a system of basal infolded channels that are
physically distinct from the lateral intercellular channels be-
tween cells.
As with many of the SEM findings, the TEM findings in the
present work confirm many of the earlier observations reported
for CCD of rabbit [5, 6, 13, 22, 23] and other species [24—271.
For example, the principal and intercalated cells studied here
and shown in Fig. I have a numerical ratio of approximately 2:1
and closely conform to the cells described and illustrated by
Kaissling and Kriz [6] and to the type 1 principal cells and the
surface pattern I and surface pattern II intercalated cells
described by LeFurgey and Tisher [5]. If we assume that the
designation "basolateral" membrane as used by Wade et al [13]
is equivalent to the sum of our lateral, infolded, and basal cell
membranes, our morphometric data also agree with Wade's
reported data for CCD of control animals. The lateral microvilli
and the presence of basal infolding also have been commented
on elsewhere. But neither the three-dimensional extent of these
cellular features nor the distinct architectures of the intercellu-
lar channels between adjacent cells versus the basal infolded
channels within the bounds of single cells have previously been
visualized, emphasized, or described quantitively. Using the
morphometnc data derived from the present TEM study, we
now can make a clear distinction between the two channel
types, can construct quantitative three-dimensional representa-
tions of the cells and their adjacent or enclosed channel
systems, and can speculate on the potential physiologic impor-
tance of the two distinct systems of extracellular channels in
rabbit CCD.
Lateral intercellular channels and the lateral aspect of tubule
cells. In CCD, the lateral cell membranes are covered by evenly
distributed microvilli and ridges and are nearly identical in
shape and surface area in the principal and intercalated cells.
The intercellular channels delineated by these lateral mem-
branes also are nearly identical, whether between adjacent PC
or between PC and IC, and are characterized by irregular
outline and generally straight course from apex to base. Their
width is variable but often appears to increase toward the cell
base. There is usually a relatively narrow basal slit. By combin-
ing the present SEM and TEM findings, it also can be shown
that the lateral cell membrane in both principal and intercalated
cells is consistent with a simple microvillar specialization of an
otherwise smooth surface and that, except for their specialized
walls, the lateral intercellular channels in CCD are consistent
with the lateral spaces which would exist between the simplest
form of cuboidal epithelial cells lining a tubule. To illustrate, if
all of the 825 cells/mm length of CCD are modeled as truncated
right hexagonal pyramids of identical size, we can construct an
idealized tubule model such as that shown in Fig. 3. In that
figure, each cellular unit is shown to be 5 p. in height and has a
circumference of 37.4 p. at the apex and 44.9 p. at the base.2 The
area of the smooth lateral surface of each cellular unit is
approximately 200 p.2. If we now estimate from Fig. 2 that the
2The approximate circumference of a single PC or IC in the apical 5%
and basal 5% of cell height can be obtained by dividing the zone I and
zone 20 lateral membrane areas in Table 3 by the zone height (0.25 p.)
and by the calculated number of PC and IC per millimeter of tubule. The
results for PC and IC, respectively, are 54 8 and 38 3 p. in zone 1 (P
<0.1) and 68 7 and 89 9 p. in zone 20 (P < 0.1). Considering that
these calculations do include the complicating lateral microvilli and thus
are maximum estimates of cell circumference, we find that the use of
simple hexagonal cell models does appear to be legitimate as well as
convenient.
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Fig. 3. Idealized model of cortical collecting duct based on morphomet-
nc measurements.
microvihi and ridges shown there can be modeled conveniently
as cylinders 0.15 in diameter and 0.5 in length (surface area
= 0.25 2) only about 670 such microvilli per cell or 112 per
each of 6 lateral faces would be required to achieve the lateral
areas of approximately 365 2 and 374 2 calculated above for
the individual PC and IC. Although it is difficult to define an
average lateral cell face in Fig. 2, the estimate of 112 microvilli
per side is not unreasonable. An idealized version of a portion
of one lateral surface also is depicted in Fig. 3. Finally, if the
lateral wall area of the intercellular channels can be accounted
for entirely by microvillar growth on the otherwise smooth and
radially oriented sides of truncated pyramidal cells, the lateral
channel around each cell can be modeled as the space between
concentric hexagons of appropriate size. Such a channel is
depicted in Fig. 4. As shown, the two walls of the channel are
separated by the distance y, which is equal to the width of the
tight junction at the apex and which then increases moderately
toward the base. One wall of the channel is the lateral cell
membrane of a central cell, and the other wall is formed by six
contiguous lateral faces of six adjacent cells. Two such faces
are shown as if peeled back to reveal portions of the microvillar
lateral aspect of the central cell and of two of the adjacent cells.
The channel passes directly from apex to base without lateral
(interdigitation) or longitudinal tortuosity, and the mean chan-
nel length from apex to base thus is approximately equal to the
cell height (dimension x). Fluid movement in the channel
presumably would be very slow and nonturbulent [28] and
presumably could move freely around any microvillar "fin-
gers" it might encounter. Nearly all of the lateral intercellular
channels observed in this study and elsewhere [6] show at least
moderate dilation. Therefore, the possibility of partial or com-
plete channel obstruction or of an effective increase in channel
length (longitudinal tortuosity) caused by the interlocking or
close apposition of microvilli or ridges from opposite channel
walls is unlikely in the functioning CCD.
Basal infolded channels and the infolded cell membrane. The
values of approximately 19% of the total (lateral plus infolded)
cell membrane in intercalated cells and 70% in principal cells
are not consistent with the above definition of lateral type.
These membranes thus are not present at the lateral aspect of
the cells and are confined within the boundaries of single cells.
Numerous authors have pointed out that such membranes
represent infoldings or invaginations of the basal cell membrane
and that they tend to form, particularly in the principal cells, an
intricate and extensively intertwined system of extracellular
channels with generally smooth and often parallel walls. Kaissl-
ing and Kriz [6], who refer to these membranes as a basal
"membranous labrinth," illustrate in the basal half of the
principal cell an extensive system of blind and arcade-like
channels (the latter indicating local interdigitation of cell pro-
cesses) and are careful to note the differences between these
channels and those produced by the interdigitation of adjacent
cells. Nevertheless, without the clear visualization of the lateral
and basal aspects of CCD cells, one cannot fully appreciate the
extent and three-dimensional shape of this system and its
distinction from the system of lateral intercellular channels.
Several characteristics of the infolded membranes and the
basal infolded channels they form are apparent from previous
TEM descriptions and particularly from the present combina-
tion of TEM morphometric data and SEM. Namely, the system
is present, on the average, only in the basal 20% of intercalated
cells and in the basal 40% of principal cells, Furthermore, as
seen from the distribution of the corresponding basal grooves
(basal slits), the system is sparce and more often near the
peripheral margins of the intercalated cells but is abundant and
diffusely distributed in the principal cells. In specimens with an
overall lesser degree of channel dilation, the basal infolded
channels tend to be narrow and to have parallel walls (thus
simulating all extracellular channels in proximal convoluted,
proximal straight, and cortical thick ascending limb segments
[1, 2]). When channel dilation is more prominent, both the
lateral intercellular channels and the basal infolded channels
tend to be dilated nearly to the same degree, although many
basal infolded channels continue to have an identifiable parallel-
wall arrangement in contrast to the almost invariable irregular
outlines of the lateral intercellular channels. Infolded cell
membranes represent 61 4% of all cell membranes facing
extracellular channels in CCD.
Perhaps the most interesting characteristics of the basal
infolded channel system in CCD are evident from the data of
LD. = 25 M
0.0. = 35p
55
Fig. 4. Model of a lateral intercellular channel around the periphery of a
single principal or intercalated cell. Dimension y is the separation
distance between adjacent cells. Dimension x is cell and channel height
from apex to base. In the left foreground, the membranes constituting
one wall of the channel have been pealed back to reveal those microvilli
and ridges which project into the channel.
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Tables 2 and 3. Although the system is rudamentary in interca-
lated cells and may be modeled there as shallow, blind, or
slightly interdigitating basal membrane invaginations that open
directly or almost directly onto the basal surface, the extent of
the channels and their calculated surface areas in principal cells
increase exponentially from approximately zone 12 through
zone 20. This exponential property is highly reminiscent of the
pattern seen for all channels in the more proximal nephron
segments and suggests that the basal infolded channel system in
CCD might then be modeled, as in PCT, PST, and cTALH [41,
as one or a group of straight, radially oriented channels that,
presumably by interdigitation of one cell leaflet with another
within the confines of a single cell, increases its surface area
exponentially. As emphasized previously in the context of the
proximal tubule segments [4], exponential channels of the type
being considered here are tortuous only in a plane parallel with
the cell base such that no point in the channel system is much
further from the cell base than the length of a perpendicular
straight line to that point from the cell base. Thus, remarkable
surface magnifications can be obtained without resort to longi-
tudinal tortuosity (that is, tortuosity in the apical to basal
direction) or to the abandonment of a more or less parallel-wall
channel in favor of a microvillar-type specialization of the
channel surfaces. Particularly in contrast to the 1.8-fold surface
magnification achieved by microvillar specialization in lateral
cell membranes, in principal cells there is a sevenfold increase
in infolded membrane area in passing from zone 12 to zone 20
and sevenfold difference between basal + infolded area versus
basal area alone.
In Fig. 2D, the proposed interdigitation of cellular leaflets
within a cell is seen only in the pattern of the basal grooves, that
is, in the pattern of zone 20 channels as they terminate at the
cell base. Because zone 20 surface area in a single principal cell
is approximately 135 p.2 in a zone 0.25 p. in height and because
each groove represents the point of origin of two infolded cell
membranes, the average length of the infolding type of basal
grooves in a single principal cell is approximately 270 p. (and
thus some fourfold to sixfold longer than the cell periphery as
calculated from the morphometric data or as modeled geometri-
cally). If we were to obtain similar views, again parallel to the
basal surface but now at the midpoints of successively higher
zones, the average channel length would be approximately 200
p. in zone 17, 125 p. in zone 15, and 60 p. in zone 13. Basal
infolded channels are not present consistently in more apical
zones and, although they are found occasionally in the middle
20% of cell height, their surface area as calculated by the
present technique is not statistically different from zero. The
reduction in length in the successively higher zones might be
due to one or both of two factors; either a lesser degree of
lateral interdigitation, as occurs in successively higher levels of
PCT, PST, and cTALH [1, 2], or the termination of some
channels in relatively more basal zones. In this last regard we
note that, in contrast to the basal groove patterns in the more
proximal nephron segments [1—3, 14], basal grooves of the
infolded type in individual principal cells are not always a
continuous feature and thus may represent the basal termina-
tion of several, separate infolded channels.
To illustrate the rather complicated patterns of basal infolded
channels envisioned here, we have prepared the somewhat
idealized cell drawings in Fig. 5. In the absence of suitable SEM
pictures, they are based entirely upon TEM and the morpho-
metric data. The principal cell is depicted in part A; and the
intercalated cell, in part B. In the upper part of each drawing is
alumina! view of a single cell as seen from an angle of 20° above
the longitudinal axis of the tubule. In the lower part of each
drawing is a basal view of a single cell as seen from an angle of
20° below the longitudinal axis. In each view, the cell is shown
as if a portion has been fractured away to reveal a stippled
fracture plane through the cytoplasm and cell nucleus. At some
points, that fracture plane is shown to have entered into the
basal infolded channel system to reveal the smooth, nonstippled
surfaces of the infolded cell membranes. To account for the
exponentially increasing surface area, we depict a number of
laterally projecting cellular processes that, in the intact cell,
would have interdigitated with corresponding processes from
the opposite wall of the same infolded channel. Such processes
are consistent with the transmission microscopic evidence for
local cellular interdigitation and are analogous to the interdigi-
tating cellular processes of PCT, PST, and cTALH where they
too produce an exponentially increasing channel surface area
[1, 2]. In contrast to the case in principal cells, the infolded
channels in intercalated cells are relatively sparce and are
restricted to the basal cytoplasm.
Bulkfluidabsorption and the implications of cell and channel
dimensions in CCD. In the presence of antidiuretic hormone
(ADH) and a transtubular osmotic gradient directed from lumen
to bath or interstitium, relatively large absorptive flows occur
across the wall of CCD. This fluid movement is by a transcellu-
lar route, that is, into cells across the apical membrane and out
of cells either across the membranes bordering extracellular
channels or across the basal cell membrane [22, 23, 301. It is
interesting now to consider such a transcellular flow pattern in
light of the measured cellular and channel dimensions [31].
First, although the principal and intercalated cells have
similar surface/volume ratios for apical, basal, and lateral cell
membrane areas, the principal cells also have a large area of
basal infolded membrane. Principal cells therefore would seem
to have considerable advantage in the process of osomotically
induced transcellular flow. Furthermore, because the area of
basal infolded membrane in principal cells alone is some 477 X
l0 p.2/mm tubule length whereas the area of basal cell mem-
brane is only 95 x iO p.2/mm in the entire tubule and 57 x l0
p.2/mm in principal cells alone, flow across basal cell mem-
branes may be relatively unimportant.
Second, from the data of Table 3 it can be calculated that the
total length of basal slits associated with basal infolded channel
is some fivefold larger than the total length of basal slits
associated with lateral intercellular channels. Thus, if it is
assumed that flow resistance in basal slits is directly proportion-
al to basal slit length and that the other basal slit dimensions of
width and height are approximately the same in the two channel
types,3 the resistance to absorbate outflow from infolded chan-
nels is some fivefold less than that in intercellular channels. If
we now also assume that flow into the two channel types is
approximately proportional to their relative surface areas as
3These basal slit dimensions have not been measured in the present
study. But, as judged from the appearance of the corresponding basal
grooves in Fig. 2D, the more critical dimension of slit width does appear
to similar in the two channel types.
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Fig. 5. Models depicting the basal infolded channels in A single principal cells and B intercalated cells as seen from above (top) and below (bottom)
the longitudinal axis of the tubule. A portion of each cell has been removed to reveal a stippled "fracture" plane through the cytoplasm and
nucleus. That fracture plane occasionally enters the basal infolded channel system with its smooth (nonstippled) walls and interdigitating cellular
processes. The system of basal grooves and infolded channels is more extensive and complicated in the principal cells than it is in the intercalated
cells.
listed in Table 3, 1.5-fold more absorbate enters basal infolded
channels than enters lateral channels. But, because the larger
volume might exit at only about one-fifth the outflow resist-
ance, the basal infolded channels should be capable of deliver-
ing nearly three times more absorbate per unit of time per unit
of driving force than is possible from the lateral channels. This
correlates with the observations of Grantham et al [23, 301 that
large, acute increases in transtubular flow are accompanied by
dilation of spaces near the apparent periphery of cells and thus
in the location of the "high resistance" lateral intercellular
channels
Third, Kaissling and Kriz [61 suggest that the intercalated
cells of CCD may not be responsive to the affects of ADH. If
this is taken to mean that the apical surface of intercalated cells
always has a low water permeability or hydraulic conductivity,
we must conclude that intercalated cells participate little if at all
in the passive absorption phenomena considered here. That
principal cells are suited for the entire task has already been
shown. Principal cells account for 67% of CCD luminal surface
area and 83% of the combined areas of lateral, infolded, and
basal cell membranes.
Active solute transport and the implications of cell and
channel dimensions in CCD. In the rabbit CCD, there is a
considerable active reabsorption of sodium and secretion of
potassium. This results in a small net reabsorption of isotonic
fluid [10]. When the animal is pretreated with corticosteroids or
is fed a high potassium diet, the sodium reabsorption and the
potassium secretion are increased markedly whereas the cou-
pled water transport remains constant [12]. Presumably, as a
morphologic correlate to these latter events, there is a marked
increase in "basolateral" cell membrane [131. The cellular and
channel dimensions measured in the present work are pertinent
to these earlier data in two ways.
First, active transport phenomena in renal tubules usually
have been related to events occurring at the cell membranes
facing extracellular channels. By analogy, the lateral and partic-
ularly the infolded cell membranes, by virtue of their large
surface areas, might be well suited for a similar purpose. Also,
the surface areas of those extracellular channels with exponen-
tially increasing surface areas correlate well with the rates of
isotonic fluid absorption in several different tubule segments.
Thus, in rabbit PCT, PST, and cTALH, the lateral membrane
surface areas are approximately 2880 x l0 p2/mm, 1500 X l0
j2/mm, and 790 x l0 i2/mm respectively [1, 2], and their
isotonic fluid absorption rates are approximately 1.0, 0.5, and
0.1 nl/min mm, respectively. In CCD with an isotonic absorp-
tion rate of approximately 0.1 nI/mm mm, the area of infolded
cell membrane in PC alone is 477 x l0 .t2/mm.
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Second, relative to their measurements in control animals,
Wade et a! [13] have observed an increase in "basolateral"
membrane area of 140% in the PC of animals pretreated with
desoxycorticosterone acetate (DOCA) and 90% in the PC of
animals pretreated with dexamethasone. No changes occurred
in apical membranes or in the membranes of IC. Those authors
related the changes in PC to previously reported changes in
CCD transport capacity and suggested that the number of
sodium pumps is related to membrane surface area. Although
they did not make a distinction between the lateral cell mem-
branes and the infolded cell membranes as we have here, their
published micrographs are most consistent with an increase
predominently in the infolded membranes. It is likely, there-
fore, that the infolded basal channels are related to active
transport phenomena in CCD.
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